Exchange bias effect in the phase separated Ndi_^Sra;Co03 at the spontaneous 

ferromagnetic / ferrimagnetic interface 
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We report the new results of exchange bias effect in Ndi-ajSr^^CoOs for x = 0.20 and 0.40, where 
the exchange bias phenomenon is involved with the ferrimagnetic (FI) state in a spontaneously phase 
separated system. The zero-field cooled magnetization exhibits the FI (Tfi) and ferromagnetic (Tc) 
transitions at 23 and ~ 70 K, respectively for x — 0.20. The negative horizontal and positive 
vertical shifts of the magnetic hysteresis loops are observed when the system is cooled through Tfi 
in presence of a positive static magnetic field. Training effect is observed for x = 0.20, which could 
be interpreted by a spin configurational relaxation model. The unidirectional shifts of the hysteresis 
loops as a function of temperature exhibit the absence of exchange bias above Tfi for x = 0.20. The 
analysis of the cooling field dependence of exchange bias field and magnetization indicates that the 
ferromagnetic (FM) clusters consist of single magnetic domain with average size around ~ 20 and ~ 
40 A for X — 0.20 and 0.40, respectively. The sizes of the FM clusters are close to the percolation 
threshold for x = 0.20, which grow and coalesce to form the bigger size for x = 0.40 resulting in a 
weak exchange bias effect. 

PACS numbers; 75.70,Cn, 75.60.-d, 75.50.Gg 



INTRODUCTION 



The exchange bias (EB) coupling in a heterogeneous 
system gives rise to the unidirectional anisotropy at the 
interface when the samples are cooled down to a temper- 
ature below a critical temperature in an external mag- 
netic field. [H It manifests itself by a shift of the hys- 
teresis loop and enhancement of coercivity, which at- 
tract considerable attention for the potential applica- 
tions in magnetic memories, spin-electronics, and devel- 
opment of permanent magnet. Numerous reports are 
found on EB phenomenon at artificial interfaces, which 
have been mainly focused to develop advanced materi- 
als for the applications and understanding of the com- 
plex EB phenomenon. 0, 0, Q, Q Nevertheless, the 
signature of EB phenomenon is rarely observed in com- 
pounds with a unique crystal structure and having spon- 
taneous interface. Long back the first example of EB ef- 
fect without artificial interface was reported for Cu(Mn) 
and Ag(Mn) alloys, which have been recognized as typ- 
ical spin-glass (SG) and cluster-glass (CG) systems de- 
pending on the dilution limit. \d\ Recently, the signature 
of EB effect has been reported at the spontaneous in- 
terfaces for few mixed-valent manganites and cobaltites 
with perovskite structure. 0, S, HE El, The first 
report was found in a charge ordered (CO) compound 
Pri/3Ca2/3Mn03, where ferromagnetic (FM) droplets 
were spontaneously embedded in an antiferromagnetic 
(AFM) background creating the FM/AFM interface. [3] 
The EB phenomenon has also been reported for another 



CO manganite Yo.2Cao.8Mn03, where a strong cooling 
field dependence of EB is observed due to a considerable 
change of phase fraction between FM/AFM layers. Q 
Recently, we observed the signature of EB phenomenon 
in the cluster-glass (CG) compounds LaMno.7Feo.3O3 
and Lao.87Mno.7Feo.3O3, 0, [13] where short range FM 
clusters are embedded in a SG-like matrix creating spon- 
taneous FM/SG interface, d, [Til, [H, HI] The average 
size of the FM clusters is found to decrease systematically 
with decreasing particle size, which has a strong influence 
on the EB phenomenon. The EB field increases signifi- 
cantly with decreasing particle size, which was attributed 
to the increase of interface area by decreasing particle 
size. The exchange bias-like phenomenon was also 
reported for another CG compound, Lao.8oBao.2oCo03, 
which was siiggested due to the freezing effect of the local 



anisotropy. 15 1 
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The mixed-valent cobaltites with perovskite structure 
experience the delicate interplay among charge, spin 
state, transport, magnetic, and structural degrees of free- 
dom exhibiting the complex phase separation scenario. 
An interesting phase diagram has been proposed for the 
hole doped compound Ndi_2:Sra;Co03 depending on the 
degree of hole doping. [l6| For low doping range (0 
< X < 0.18) the SG or CG state has been proposed 
with semiconducting temperature dependence of resis- 
tivity. With further increase in hole doping the short 
range FM clusters begin to coalesce above a percolation 
threshold {x > 0.18) to attain the magnetic long range 
ordering and start to show metallic conductivity in the 
ordered state. Metallic conductivity in both the param- 
agnetic and ordered states is observed for x > 0.28. The 
coexistence of ferrimagnetic (FI) and FM ordering is re- 
ported for 0.20 < X < 0.60. Neutron powder diffraction 
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studies on Ndo.eySro.aaCoOa confirm that the FM (Tc) 
and FI (Tpi) ordering temperatures are ~ 200 and ~ 40 
K, respectively, where ferrimagnetism was interpreted in 
terms of an induced antiparallel orde ring of the Nd spins 
in close proximity of Co sublattice. [l7| Several reports 
on electrical, magnetic, and thermodynamic studies of 
Ndi_2:Sr^Co03 also suggest the coexistence of FI and 
FM ordering for x = 0.33 and 0.50. [H, [H 11^ ^^Co 
NMR studies on Ndi-^Sr^^CoOs (0 < x < 0.50) confirm 



different spin states of Co3+ and 00-*+ ions. [21| The 
parent compound NdCoOa shows the low spin (LS) state 
of Co'^"'" ion in the paramagnetic state. As a result of hole 
doping (0.10 < X < 0.20) an intermediate spin (IS) state 
of Co^+ and 00"*+ appears in addition to the LS state of 
Co^+ and the LS state of Co^+ no more exists with the 
further increase in hole doping (0.30 < a; < 0.50). The 
reported results indicate that the magnetic and electronic 
phase separation scenario of Ndi-ajSr^^CoOa is very sim- 
ilar to that in Lai-ajSr^^CoOa, where the dissimilarity is 
that here Nd ion carries moment unlike La ion. (2^ 

Recently, the signature of EB phenomenon ascribed 
to the intrinsic inhomogeneous phase separation was re- 
ported in the CG compounds Lai-ajSrj^CoOs (0.12 < a; < 
0.30), where EB was suggested due to the cluster-glass 
state consisting of FM and SG phases. [2^, [l^l In order 
to observe EB phenomenon the system must involve with 
two exchange coupled phases, the reversible and rigid 
phases, where magnetization of the first one can be re- 
versed and the second one can not be. The EB is observed 
for Lai_a;Sr3;Co03 at the reversible FM and rigid SG in- 
terface. The phase separated compounds Ndi_2.Sra;Co03 
also exhibit the necessary ingredient for the EB effect, 
where spontaneous phase separation between FM and 
FI states exists giving rise to the FM/FI interface for 
X > 0.18. Here, the EB phenomenon is investigated in 
Ndi_:rSr^Co03 with x = 0.20 and 0.40, where the first 
one is close to the percolation threshold with semicon- 
ducting behavior and the second one exhibits the metal- 
lic conductivity. We observe the EB effect for both the 
samples, where the effect is strong for x — 0.20 and weak 
for X = 0.40. In order to explain different EB effects for 
both the compounds the nanoscale phase separation sce- 
nario has been proposed in Ndi-^^SrajCoOa for x > 0.20. 
So far EB phenomenon has been reported for manganites 
and cobaltites with perovskite structures at spontaneous 
FM/AFM and FM/SG interface. Here, we present a new 
example of EB effect in the spontaneously phase sepa- 
rated compounds Ndi-xSr^CoOs for x > 0.20, where 
EB effect is involved with fcrrimagnetic states. 
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FIG. 1: X-ray powder diffraction patterns at room tempera- 
ture for Ndi_^Sr^Co03 with x = 0.20 and 0.40. 



The stoichiometric proportion of Nd203, SrCOs, and Co 
powders were dissolved in an aqueous solution of nitric 
acid, mixed thoroughly, and then citric acid was added 
to achieve a homogeneous mixture of the metal citrates. 
The metal citrates were dried and decomposed at 873 K 
for 6 h. Finally, the powdered samples were pressed into 
pellets and heated at 1273 K for 6 h followed by slow 
cooling at a rate of 0.7 K/min. The single orthorhombic 
(Pbnm) structure at room temperature is confirmed for 
both the cases, where x-ray powder diffraction (Seifert 
XRD 3000P) was recorded using CuKq radiation. We do 
not observe any impurity phase in the x-ray diffraction 
patterns, which are shown in Fig. 1. The values of lattice 
parameters are 5.35 (a), 5.36 (5), and 7.56 (c) A for x — 
0.20, while for x — 0.40 the parameters are 5.40 (a), 5.35 
(6), and 7.61 (c) A. The lattice parameters are consis- 
tent with the earlier report. [21] The average size of the 
particles is found around ^ 150.0 nm for both the cases, 
which was observed by a Transmission Electron Micro- 
scope (TEM), model ZEOL JEM-2010. The dc magneti- 
zation was measured using a commercial superconduct- 
ing quantum interference device (SQUID) magnetometer 
(MPMS, XL). The sample was cooled down to the lowest 
temperature in zero magnetic field and the magnetiza- 
tion was measured in the warming cycle by applying an 
external magnetic field for zero-field cooled (ZFC) mag- 
netization. On the other hand, the sample was cooled in 
non-zero field for the measurement of field-cooled (FC) 
magnetization and the measurement was performed in 
the warming cycle with field kept switched on. 



EXPERIMENTAL 

The polycrystalline samples of Ndi-a^Sr^rCoOa with 
X = 0.20 and 0.40 were prepared by the chemical cit- 
rate route, which is described in our earlier report. 11 1 



EXPERIMENTAL RESULTS 

Temperature dependence of field-cooled effect of mag- 
netization measured at 100 Oe is shown in Fig. 2 for 
Ndo.8oSro.2oCo03. The inset of the figure exhibits ZFC 
magnetization highlighting the fcrrimagnetic (Tpj) and 
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FIG. 2: Temperature dependence of magnetization measured 
at 100 Oe under zero field cooled (ZFC) and field cooled (PC) 
conditions for x — 0.20. The inset shows the ZFC magnetiza- 
tion highlighting ferrimagnetic (Tfi) and ferromagnetic (Tc) 
transitions for the measurements at 100 Oe and 50 kOe. 



ferromagnetic (Tc) transitions at ^ 23 and ^ 70 K, re- 
spectively, where Tpi is indicated by a shoulder around 
~ 23 K for the low-field measurement at 100 Oe. A 
sharp increase in the ZFC magnetization is observed be- 
low Tpi when the measurement was performed at a high 
field with 50 kOe. Tc is defined around ~ 70 K, where 
a sharp increase in FC magnetization is observed for the 
measurement at 100 Oe. The values of Tpi and Tc in 
the present observation are reproduced exactly as com- 
pared to the values reported by Stauffer et al. [l^ The 
reported experimental results including the neutron and 
^^Co NMR results clearly indicate the coexistence of FM 
and FI phases at low teinperature in Ndi_a;Sra;Co03 for 



2l| Thus, the magnetization 



X > 0.20. 

loops at 5 K should have two components corresponding 
to the FM and FI phases. Recently, Niebieskikwiat and 
Salamon reported the EB effect in Pri/3Ca2/3Mn03 con- 
sisting of FM and AFM phases at low temperature, where 
the AFM background exhibiting linear M — H response 
was subtracted from the overall magnetization loop at 5 
K to get the evident features of the horizontal and verti- 
cal shifts. In the present investigation it is difficult to 
subtract the FI background. Nevertheless, the horizon- 
tal and vertical shifts of the hysteresis loop are clearly 
observed exhibiting the typical feature of EB effect when 
the sample was cooled in a non-zero field. For non-zero 
positive cooling field a negative shift in the field axis and 
a positive shift in the magnetization axis are observed 
at 5 K with respect to the hysteresis loop for Hcooi = 
0, which is shown in the top panel of Fig. 3. We de- 
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FIG. 3: (Color online) In the top panel central part of the hys- 
teresis loops at 5 K measured after cooling the sample in zero 
field and field at 20 kOe, where loop measured after field cool- 
ing are indicated by the broken curve. In the bottom panel 
central part of the minor loops at 5 K for the measurements in 
between ± 30, ± 35, ± 40, ± 45, and ± 50 kOe after cooling 
the sample with 50 kOe. The inset exhibits the variation of 
exchange bias field [He) and magnetization (AIe) with Hmax 
for X = 0.20. 



fine the coercivity, He = |(-ffioft — ^^right ) /2 1 « 13 kOe 
and EB field, -He = (fficft + i?right)/2 ~ - 500 Oe for 
the measurement of magnetic hysteresis in between ± 50 
kOe. Here, i/right and ifieft are the positive and nega- 
tive values of field at magnetization, M = 0, respectively. 
The remanence asymmetry is defined as EB magnetiza- 
tion [Me), which is estimated from the vertical shifts at 
the saturation. [11] The value of Me I Ms is 0.53 x 
10^^, where Ms is the saturation of magnetization. The 
values of the asymmetry parameters associated with the 
FM and FI states are comparable to those involved with 
the FM and SG states for the cobaltite Lao.88Sro.i2Co03, 
where the maximum effect of EB was reported in the se- 
ries. [H,!!! The values of He and Me /Ms were 500 Oe 
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Table 1: The maximum values of exchange bias field (He) 
and relative vertical shift [Me /Ms) at different types of 
interfaces for phase separated cobaltites measured in 
between different ± Hjnax- 



System 


Umax 


He Me I Ms 


Interface 




kOe 


kOe 


(10-2) 




Lao.soBao.2oCo03[15] 


3 


0.54 




FM/SG 


Lao.88Sro.i2Co03[26] 


20 


2.95 


10.40 


FM/SG 


Lao.88Sro.i2Co03[24] 


50 


0.50 


1.10 


FM/SG 


Ndo.8oSro.2oCo03* 


30 


3.23 


4.15 


FM/SG 




50 


0.50 


0.53 


FM/FI 


Ndo.8oSro.4oCo03* 


50 


0.08 


0.55 


FM/FI 



* Current investigation 



and 1.10 X 10 ^, respectively when hysteresis was mea- 



sured in between ± 50 kOe for Lao.88Sro.i2Co03. [24| 
The reported values of the shifts for the phase separated 
cobaltites are compared in Table 1 with the present ob- 
servations for X = 0.20 and 0.40 for different Hmax, where 
Hmax is the maximum field used for the measurement of 
hysteresis loops. 

The characteristics of EB phenomenon strongly de- 
pend on the delicate interplay among Zeeman energy 
[Ez) associated with the FM clusters, anisotropy energy 
[Ea) associated with the FI clusters, and exchange en- 
ergy (E'es) at the FM/FI interface. The first term can 
be experimentally controlled by tuning Hcooi and Hmax- 
The magnetic hysteresis loops were measured for x — 0.20 
at 5 K in between ±Hmax = ± 30, ± 35, ± 40, ± 45, 
and ± 50 kOe when the sample was cooled down to 5 K 
from 250 K in presence of 50 kOe field. The central parts 
of the hysteresis loops are shown in the bottom panel of 
Fig. 3. The values of He and Me as a function of H^ax 
are shown in the inset of the figure. The values of He 
and Me are decreased with increasing Hmax- The plots 
further indicate that the values show a tendency of stabi- 
lization for Hmax > 45 kOe. We note that the hysteresis 
loops measured in between ± 45 and ± 50 kOe almost 
merge together. The Hmax dependence of He and Me 
has been reported by Tang et al. for Lao.82Sro.i8Co03, 
where He and Me vanish even at small value of Hmax 
= 30 kOe. [i^l The results are analogous to the minor 
loops effect, which is explicitly described by Geshev. [27l | 
However, the signature of EB effect in Lao.82Sro.i8Co03 
was confirmed by the training effect. [1^ The Hmax de- 
pendence of He and Me has also been investigated by 
Salazar- Alvarez et al. for MnO/Mn304 core/shell struc- 
ture, where the plots show the non-zero asymptotic value 
of the horizontal shift while the vertical shifts virtually 
vanish at Hmax > 70 kOe. [1^ In the present observation 
the plots show that He and Me stabilize around Hmax 
= 50 kOe, where the values of He and Me are consid- 
erably large. The results indicate that the plots are not 
the typical minor loops effect described by Geshev 27|, 
rather it exhibits significant EB effect. 




FIG. 4: (Color online) The decrease of exchange bias field 
[He) and magnetization {Me) with the consecutive number 
(A) of cycling of the hysteresis loop for x = 0.20 exhibiting 
training effect. The central part of the 1st, 2nd, 8th, and 
16th loops are shown in the inset, where arrow indicates the 
increasing direction of A. 



Training effect is one of the important features of the 
exchange bias system, which describes the decrease of 
He, He, and Me when the system is successively field 
cycled at a particular temperature after the field cool- 
ing. 0, 0, [SH The training effect is investigated for x 
— 0.20, where the sample was cooled down to 5 K from 
250 K in presence of 20 kOe field and then the hysteresis 
loops were measured successively in between ± 50 kOe 
up to 16 times. We note that the training effect is ev- 
ident in the system. The central parts of the 1st, 2nd, 
8th, and 16th loops are shown in the inset of Fig. 4. The 
systematic decrease of He and Me with the consecutive 
cycling number (A) are shown in Fig. 4 by the open sym- 
bols. The values of He and Me are decreased up to ^ 10 
% and ~ 11 %, respectively for A = 2, which are compa- 
rable to the reported results for the spontaneously phase 
separated systems. For Pri/3Ca2/3Mn03 J,] bearing the 
FM/AFM interface the value of Me was decreased up to 
~ 20 % for the second cycle, whereas the values of Me 
and He were decreased up to ~ 10 % and ~ 19 %, re- 
sp^ctively for Lao.82Sro.i8Co03 having FM/SG interface. 

The decrease of He (Me) is fitted satisfactorily with 
the following empirical relation 



He{X)-H^ 



1 



VA' 



(1) 



where H^ is the value for A 



oo. The solid lines in Fig. 
4 exhibit the best fit of He and Me variation with A for 
A > 2. The values of the fitted parameters are H"^ « 
377 Oe and « 0.157 emu/g. The above empirical 
relation does not fit the sharp decrease between first and 
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FIG. 5: Temperature dependence of (a) exchange bias field 
(He), (b) relative vertical shift {Me/Ms), and (c) coercivity 
(He) with H^aoi = 20 kOe for x = 0.20. 



second loops, which is in accordance with the reported 
results. 0, 0, El Recently, Binek proposed a recursive 
formula in the framework of spin configurational relax- 
ation to understand the training effect for a FM/AFM 
heterostructure, which describes the (A-l-l)th loop shift 
with respect to the Ath one as (29j 



HEiX + l)-HEiX)=-l[HEiX) 



r700/l3 



(2) 



where 7 is a sample dependent constant. Using 7 = 2.28 
X 10-5 Oe-2 and H'^' = 369.4 Oe the whole set of data 
is reproduced for He, while the values of 7 and Mg" are 
79.5 (emu/g)-^ and 0.153 emu/g, respectively for Me- 
The calculated values are shown by the filled symbols in 
Fig. 4, which matches satisfactorily with the experimen- 
tal data (open symbols). Thus, the spin configurational 
relaxation model can describe our experimental results 
satisfactorily, where successive reversal of the FM spins 
triggers the configurational relaxation of the interfacial 
FI spins toward equilibrium giving rise to the training 
effect. 

The magnetic hysteresis loops were measured in 
between ± 50 kOe at different temperatures for 
Ndo.8oSro.2oCo03 with the sample been cooled down to 
the desired temperatures from 250 K with Hcooi = 20 
kOe. The values of He, He, and Me /Ms as a func- 
tion of temperature are shown in Fig. 5. He decreases 
slowly and vanishes at the onset of the Curie temperature 
around ~ 70 K. On the other hand. He and Me /Ms 



decrease sharply with increasing temperature and dis- 
appear for r > 20 K, where a shoulder in the ZFC 
magnetization is observed indicating the signature of fer- 
rimagnetic ordering. The temperature dependence of 
the asymmetry parameters are typical for the exchange 
biased systems viz., charge ordered Pri/3Ca2/3Mn03, 
0] cluster-glass LaMnn.7Fen..303, [sj and cluster-glass 
cobaltites Lai_a;Sra;Co03, [23|, where EB effect van- 
ishes above AFM (Tat) or spin freezing {Tf) transition 
temperature. In the cases of EB systems the rigid AFM 
or SG spins apply a coupling force on the FM spins at the 
interface and a layer of pinned or frozen FM spins are cre- 
ated on the outer surface of the FM clusters when the sys- 
tem is cooled in non-zero field. The pinned or frozen FM 
spins give rise to the unidirectional shift of the hysteresis 
loops and reveal the EB effect. For Ndi_2;Srj;Co03 with 
X > 0.20 the coexistence of FM and FI phases has been 
suggested by Stauffer et al, [31 which is also indicated 
here by the ZFC magnetization for x = 0.20 (inset of 
Fig. 2). Therefore, the EB effect below Tp/ is suggested 
due to the pinning effect. The rigid FI spins operate the 
pinning force on the reversible FM spins at the FM/FI 
interface and the pinned FM spins lead to the EB effect. 
The signature of EB effects involving with the ferrimag- 
netic phase are reported at the different combinations 
of artificial interfaces viz., FM/FI, FI/AFM, and FI/FI 
interface for different bilayer heterogeneous structures. 

Here, we observe the new results of 
EB effect at the intrinsic FM/FI interface, where the EB 
effect is ascribed to the spontaneous separation between 
FM and FI phases. 

The cooling field dependence of EB effect was investi- 
gated for X = 0.20, where the sample was cooled down to 
5 K from 250 K with different cooling fields and the hys- 
teresis loops were measured in between ± 50 kOe. The 
Hcooi dependence of He is shown in the top panel of Fig. 
6. The value of He increases sharply with Hcooi up to 10 
kOe and then shows a slight decreasing trend above 20 
kOe. As seen in the inset of the top panel of the figure 
the Hcooi dependence of He follows similar behavior like 
the Hcooi dependence of He, where the sharp increase of 
He is associated with the increase of He- The plots of 
He and He with Hcooi exhibit that it follows nearly lin- 
ear dependence above 20 kOe, which is shown in Fig. 7. 
Recently, Qian et al have shown the linear Hcooi depen- 
dence of He above 10 kOe, where strong correlation be- 
tween He and He was reported. [1| The authors further 
suggested that the decrease of He with increasing Hcooi 
is associated with the increase of the size of the FM layers 
for Yo.2Cao.8Mn03. Considering the magnetization at 50 
kOe close to the saturation value at 5 K, the increase of 
M50 indicates the increase of the average size of the FM 
clusters, where M50 is determined from the average value 
of the positive and negative values of the magnetization 
at 50 kOe. The linear plot of He against M^^^ is shown 
in the inset of Fig. 7, which indicates that He is inversely 
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FIG. 6: (Color online) Cooling field (Hcooi) dependence of 
(top panel) exchange bias field (He) and (bottom panel) 
Me /Ms at 5 K for x = 0.20, where the hysteresis loops 
were measured between ± 50 kOe. Me and Ms are the 
exchange bias magnetization and saturation magnetization. 
The Hcooi dependence of coercivity {He) and the plot of 
Me /Ms against He are shown in the inset of top and bottom 
panels, respectively. The broken curve in the bottom panel is 
the fitted curve using simplified exchange interaction model. 
The solid straight line in the inset of the bottom panel shows 
the linear fit. 



proportional to the size of the FM clusters. Note that a 
very small decrease of He around ~ 0.6 % is observed 
at 5 K for the increase of Hcooi from 20 kOe to 50 kOe. 
In the high Hcooi range the feature of He is reminiscent 
to that observed for FM/AFM bilayers, [sil AFM-core 
and Fl-shell structure, l28| and unlike to that observed 
for FM/SG systems. @, HI, IM H HI For the exchange 



biased systems involved with a SG state the values of He 
are decreased considerably with increasing Hcooi above a 
certain value of Hcooi , where large Hcooi typically affects 
the frozen spins in the SG phase and frozen FM spins by 
polarizing the glassy magnetic spins toward the direction 
of Hcooi- In fact. He decreases up to ~ 40 % for the 
increase of Hcooi from 20 to 50 kOe in Lao.88Sro.i2Co03, 
2J] ~ 47 % for the increase of Hcooi from 6 to 12 kOc in 
LaMno.7Feo.3O3, [i and ~ 25 % for the increase of Hcooi 
from 2 to 4 kOe in Lao.87Mno.7Feo.3O3, [l^ where the 
systems are involved with the SG states exhibiting EB 
effect. The frozen FM spins and pinned FM spins may 
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FIG. 7: (Color online) Plots of exchange bias field {He) and 
coercivity {He) against cooling field {Hcooi) at 5 K for x = 
0.20. Inset shows the plot of He as a function of inverse of 
the average magnetization at 50 kOe {M^q). Solid straight 
lines indicate the linear fits. 



have different features of cooling field dependence, where 
the large values of Hcooi can not influence the pinned 
FM spins significantly, which is indicated by the minor 
change of He for AFM or FI state. The large reduc- 
tion of He around ^ 37 % is exceptionally observed in 
Yo.2Cao.8Mn03 for the increase of Hcooi from 10 kOe to 
60 kOe, which is associated with the FM/AFM interface. 
In the above case the large decrease of He was attributed 
to the increase of the phase fraction of the FM layer at 
the cost of AFM layer, which was pointed out by Qian 
et al. Herein, the minor reduction of He around ^ 
0.6 % may indicate that small increase of the size of FM 
clusters is ascribed to the reduction of pinned FM layers 
at the FM/FI interface, which does not involve with the 
conversion of phase fraction. 

Recently, a simplified exchange interaction model has 
been proposed by Niebieskikwiat and Salamon consider- 
ing the FM clusters to be embedded in the AFM host for 
charge ordered compound Pri/3Ca2/3Mn03. 01 The FM 
clusters were assumed to have a single domain structure, 
which exhibit magnetization reversal like FM nanopar- 
ticles consisting of single magnetic domain. The model 
gives the simplified relation between He and Me /Ms 
as He oc Me /Ms for ^He < ^bT, where Ms and /x 
are the saturation magnetization and average moment of 
the FM clusters, respectively. We observe nearly linear 
behavior between He and Me /Ms in the inset of the 
bottom panel of Fig. 6, which has also been verified for 
Pri^Ca2/3Mn03, B CaMn03^ M LaMno.7Feo.3O3, 
[i,lli] and Lao.87Mno.7Feo.3O3 [iai exhibiting the EB ef- 
fect. Here, the value of ixHe/^bT « 0.87, where the 
value of fi is obtained from the fit of Me /Ms against 
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Hcooi plot, which is described below. Note that the value 
of hHe I^bT was ~ 0.9 for Pri/aCaa/sMnOa. The lin- 
ear dependence of the Me / Mg against He plot indicates 
that FM clusters may have a single domain structure for 
Ndo.8oSro.2oCo03. The model further defines the Hcooi 
dependence of Me /Ms as 



He oc Me/Ms oc 



(5A*b)- 



^Hc. 



-) + H 



cool 



(3) 



which was verified successfully for spontaneously phase 
separated Pri/gCaa/aMnO^, LaMno.7Feo.3O3, [a 
and Lao.87Mno.7Feo.3O3. 10] The first term in the ex- 
pression dominates for small Hcooi, whereas the second 
term dominates for large Hcooi , which varies linearly with 
Hcooi- In the above relation Ji and /i are adjustable pa- 
rameters, where Ji is the interface exchange constant. 
Tf in the above expression was defined as the freezing 
temperature below which Me /Ms was found to increase 
steeply for Pri/3Ca2/3Mn03. Here, we assume the value 
of ^ 15 K below which Me /Ms increases sharply. 
The broken curve in the bottom panel of Fig. 6 exhibits 
a satisfactory fit of the experimental data using the above 
expression. The number density of FM clusters (n) is es- 
timated from the saturation magnetization, Ms ~ n/x, 
where the value of AIs at 5 K is obtained from the ex- 
trapolation of the magnetization to l/_ff — > 0. The value 
of n is « 15.5 xlO~^ A"'^ which further gives the rough 
estimate of the size of the FM clusters around ~ 20 A. 
The value of the size of FM cluster is consistent with 
those around 10 A for Pri/3Ca2/3Mn03 ^ and 10 - 
30 A for LaMnp 7Feo 3O3 depending on the particle size. 


We also investigate the EB effect for x = 0.40, where 
the maximum values of He and Me /Ms are shown in Ta- 
ble 1. The value of Me /Ms is nearly the same, whereas 
He is much smaller for x = 0.40 than that of the value 
for X = 0.20. The Hcooi dependence of EB effect was also 
measured for x ~ 0.40. The plots of He and Me /Ms as 
a function of Hcooi at 5 K are shown in Fig. 8. He is 
found to increase sharply up to ^ 20 kOe and shows a 
decreasing trend with the further increase of Hcooi i where 
Me /Ms follows almost similar behavior. The linear de- 
pendence of Me /Ms against He is observed for x = 0.40 
analogous to a; = 0.20, which indicates that the FM clus- 
ters of a; = 0.40 also have a single domain structure. We 
observe the linear Hcooi dependence of He and He above 
20 kOe, which is shown in the inset of Fig. 8. Here, a very 
small decrease of He (~ 0.5 %) is also observed for x = 
0.40 like x = 0.20. The model proposed by Niebieskikwiat 
and Salamon Q was used to fit the Hcooi dependence of 
Me /Ms, where the satisfactory fit is shown in Fig. 8 by 
the broken curve. The number density of FM clusters is 
thus obtained from the fit as n « 32.5 xlO^^ A^'^, which 
gives the rough estimate of the size of the FM clusters 
around '--^ 40 A. The analysis indicates that the average 




FIG. 8: (Color online) Plots of exchange bias field {He) and 
relative vertical shift {Me /Ms) against cooling field {Hcooi) 
at 5 K for x = 0.40. The broken curve is the fit of the Hcooi 
dependence of Me /Ms plot. Inset shows the plot of He and 
He as a function of Hcooi- Solid straight lines indicate the 
linear fits. 
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FIG. 9: Magnetic hysteresis loop at 5 K after field cooling 
with 20 kOe for x — 0.20 (continuous curve) and x = 0.40 
(broken curve) for Ndi-xSrajCoOa. The upper and lower in- 
sets exhibits the temperature dependence of resistivity (p) for 
X — 0.20 and 0.40, respectively. 



size of the FM clusters is increased considerably for x = 
0.40 than x = 0.20. 

Temperature variation of resistivity (p) for the sam- 
ples with X — 0.20 and 0.40 are shown in the upper and 
lower insets of Fig. 9, respectively. The semiconducting 
temperature dependence of p is observed for x — 0.20, 
while for x = 0.40 nearly linear temperature dependence 
of p is observed in the paramagnetic state and a sharp 
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decrease of p is observed below Tc at 200 K. Tempera- 
ture dependence of p for both the samples are similar to 
the reported results [3l except for the magnitude of p. 
The slightly larger values of the resistivity in the present 
investigations might be attributed to the particle size ef- 
fect, where the particle size in the present observation 
(~ 150 nm) is less than that of the results reported by 
Stauffer et al. [3] For x = 0.20 the system is close to 
the percolation limit, where the hole rich FM clusters are 
of small size, which grow and coalesce with increasing x. 
Therefore, the average size of the FM clusters for x = 0.40 
is larger than that of the sample with x — 0.20, which 
is reflected in the temperature dependence of resistivity 
and the analysis of the Hcooi dependence of Me/Ms- 
The size of the FM clusters is also crucial for the EB 
effect. The hysteresis loops measured at 5 K under iden- 
tical condition with Hcooi — 20 kOe are shown in Fig. 9 
for X = 0.20 and 0.40. The values of He and Me /Ms are 
82 Oe and 0.55 x lO'^ for x = 0.40, while for x = 0.20 
the values are 500 Oe and 0.53 x 10^^, respectively (see 
Table 1). In addition, the magnetization at 50 kOe and 
He are 28.55 emu/g and 8.7 kOe for x = 0.40, and 23.92 
emu/g and 13.0 kOe for x = 0.20, respectively. The val- 
ues of magnetization at 50 kOe indicate that the size and 
density of the FM clusters are increased for x — QAO com- 
pared to X = 0.20, which is reflected in He, where He is 
much smaller for x — 0.40. Similar features of EB effect 
was observed for the particle size dependence of EB phe- 
nomenon in the cluster-glass compound LaMno.7Feo.3O3, 
where FM clusters are embedded in the SG matrix. [1J| 
The sizes of the FM clusters were found to increase with 
increasing particle size, which resulted in a decrease in 
the EB effect. Negligible EB effect was observed for the 
particles with average size ~ 300 nm. The increase of 
the size of the FM clusters decreases the effective in- 
terface area, which might be the origin of weakening of 
the effective exchange coupling at the FM/FI interface in 
the present investigations. The explanation is consistent 
with the model proposed by Meiklejohn, which predicts 
the relation. He ~ Jex/iMpM x tpAi), where Jex is the 
exchange constant across the FM/AFM interface per unit 
area. [37| MpM and tpM slic the magnetization and the 
thickness of the FM layer, respectively. The increase of 
MpM and tpM in the denominator of the above expres- 
sion decreases the EB field. In the present investigation 
the average size of the FM clusters, analogous to tpM, 
is increased for x = 0.40 compared to a; = 0.20, which 
results in the decrease of EB field. 



SUMMARY 

As none before, we observe the signature of exchange 
bias effect in Ndi-ajSr^jCoOs for x = 0.20 and 0.40 at 
the spontaneous ferromagnetic/ferrimagnetic interface. 
When the sample was cooled in a static magnetic field. 



the systematic shifts of the magnetic hysteresis loops are 
observed as a function of temperature and cooling field. 
The exchange bias effect vanishes above the ferrimagnetic 
transition (Tpi) temperature, which indicates that the 
ferrimagnetic spins apply a pinning force on the reversible 
ferromagnetic spins at the interface below Tpj and the 
pinned ferromagnetic spins give rise to the exchange bias 
phenomenon. The exchange bias is further confirmed by 
the training effect, which could be explained satisfacto- 
rily by the spin configurational relaxation model. The 
exchange bias field is found to increase sharply (< 10 
kOe) with increasing cooling field and then it shows a 
very small decreasing trend (> 20 kOe) for high cooling 
field. The coercivity almost follows a similar trend of ex- 
change bias field, where a linear dependence of exchange 
bias field and coercivity against cooling field is observed 
above 20 kOe for both the compounds. The coohng field 
dependence of exchange bias effect is analysed by the sim- 
plified exchange interaction model, which gives a rough 
estimate of the average size of the ferromagnetic clusters 
around ~ 20 and ~ 40 A, where the FM clusters con- 
sisting of single magnetic domain are suggested for x = 
0.20 and 0.40, respectively. The sizes of the ferromag- 
netic clusters are close to the percolation threshold for x 
— 0.20, which grow and coalesce with increasing x. The 
large size of the ferromagnetic clusters leads to the weak 
exchange bias effect for x — 0.40. 
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